We use a laser-driven single (In,Ga)As quantum dot (QD) in the dressed state regime of resonance fluorescence (T = 4 K) to observe the four D 1 -transition lines of alkali atomic cesium (Cs) vapor at room temperature. We tune the frequency of the dressing continuous-wave laser in the vicinity of the bare QD resonance ∼ 335.116 THz (∼ 894.592 nm) at constant excitation power and thereby controllably tune the center and side channel frequencies of the probe light, i.e. the Mollow triplet.
Hybrid quantum systems, particularly combining the characteristic strengths of semiconductor quantum dots (QDs) and alkali atomic vapors, have recently attracted tremendous technological interest in view of sophisticated applications and future quantum logic devices in the field of quantum information processing. For example, very recent studies have demonstrated a first hybrid interface between a semiconductor "artificial atom" (GaAs QD) and alkali atomic rubidium ( 87 Rb) vapor, where the 6.8 GHz (28 µeV) split D 2 double resonance of Rb served as a strongly dispersive medium for QD luminescence photons. In these studies, spectral QD-D 2 resonance between both systems was achieved by either electrical [1] or magnetic field tuning [2] , enabling slow light propagation. In the latter case, photon storage by up to 15 times the temporal width of the wave packets could be achieved. Furthermore, an energy stabilization scheme based on the absorption of QD photons in the Rb vapor in combination with an active feed-back loop for compensation of local carrier-induced spectral QD emission fluctuations was implemented by the same group [1, 3] . Though, all of these previous studies were based on conventional, non-resonant schemes of optical excitation into the barrier matrix, which results in inhomogeneously broadened QD emission lines (FWHM ≈ 80 µeV ≈ 19 GHz), i.e. much larger than the corresponding atomic transition band widths and/or hyperfine structure splitting. The latter aspect represents a strongly limiting factor of the principally achievable spectral resolution on one hand, but especially will also strongly restrict or even hinder the desired level of high efficiency in hybrid functionality between semiconductor QDs and atoms in future applications on the other hand.
Here we demonstrate an alternative hybrid approach to achieve controlled interaction between a single semiconductor (In,Ga)As/GaAs QD and the D 1 transitions of alkali atomic cesium vapor ( 133 Cs) with high spectral resolution. In our scheme, we use "dressed state" resonance fluorescence (RF) from a single (In,Ga)As QD under continuous-wave s-shell excitation [4] [5] [6] to prepare a quantum light source of narrow-band photon emission [6, 7] approaching the Fourier transform limit, provided by the individual components of the characteristic "Mollow triplet" [8] . The use of such a "dressed" quantum light source is of particular interest, as it allows to spectrally tune, i.e. control the photon emission frequencies over a wide range of typically a few GHz [9] [10] [11] . As will be shown in the following, the use of well-separated individual components of the Mollow triplet provides high spectral resolution of ∆ν ∼ 1 GHz. This is comparable to the Doppler width (∼ 0.5 GHz) of the atomic Cs transitions [12] and allows to resolve the hyperfine-split D 1 quadruplet of the
The investigated sample structure was grown by metal-organic vapor-phase epitaxy. It is based on a single layer of self-assembled (In,Ga)As/GaAs QDs emitting at 885-900 nm which are embedded in a planar waveguide structure, consisting of a GaAs λ-cavity between 29 (4) periods of λ/4-thick AlAs/GaAs layers as bottom (top) distributed Bragg reflectors (DBRs). The sample was kept at a temperature of T = 4.0 ± 0.5 K and excited by a narrow-band (FWHM ∼ 500 kHz) tunable continuous-wave (cw) Ti:Sapphire laser.
Filtering and detection of the QD emission was performed by a grating monochromator (1200 l/mm) equipped with a CCD camera, or alternatively, by a sensitive avalanche photo diode (APD 1/2 ) with increasing resonant excitation power P 0 [7, 13] . In addition, the QD dressed state emission line width depends on laser detuning ∆ itself and is explicitly ruled by the ratio of pure and radiative dephasing [11] . To investigate the quality of single-photon emission from QD 1 , a continuous-wave g (2) (τ )
second-order auto-correlation has been performed on the spectrally filtered emission in (a).
Figure 1(b) shows the Poisson-normalized trace of the data, together with an analytic fit
p : effective emitter re-pump rate), convolved with the measured temporal response of our detection system, approximated by a Gaussian distribution of ∆τ det = 400 ps FWHM (red bold trace). Correcting for this temporal resolution ∆τ det , we find a value of g 3 GHz (for a typical radiative emitter lifetime of T 1 = 800 ps), the observed F/T line widths are found to be slightly broadened as a result of pure and predominantly excitation-induced dephasing [11] . In contrast, the central Rayleigh R line reveals a very narrow (resolutionlimited) line width of 0.4 ± 0.2 GHz. In principal, the pure R line in the Mollow triplet dressed state regime should arise mainly from incoherently (but negligible contribution of coherently) scattered RF signal. Though, reflected in an increased peak area ratio between R and the F/T side peaks of ∼ 2.5 (theory: 2) in the experiment, the Rayleigh peak appears to be superimposed by residual laser stray light as the shape-dominating contribution.
The applied scheme of spectral resonance tuning between the pre-characterized QD 1 and the atomic 133 Cs vapor is depicted in Fig. 2 , where the hyperfine structure of the relevant As is shown in Fig. 2(a) , the Cs − D 1 absorption forms a quadruplet of dipole-allowed optical transitions, where the upper 6 2 P 1/2 state reveals a HFS of ∼ 1.1677 GHz between F = 3 and 4. In addition, the 6 2 S 1/2 ground state HFS is ∼ 9.1926 GHz [15] . At this point it is worth emphasizing first that both HFS values are of comparable magnitude to or even significantly larger than the observed emission line widths ∆ν of the Mollow triplet components of QD 1 (see Fig. 1 For a full theoretical analysis, we have calculated the expected transmission spectra of lines F , R, and T through the atomic vapor cell (T = 293 K), depicted in Fig. 3(b) .
In this evaluation, starting with each single transmission profile (plotted as thin black (dashed/dotted) traces), the RF line widths and frequency scaling with ∆ have been taken into account, together with the Doppler broadening of the atomic transitions, resulting in Voigt-type profiles after convolution [12] . The full transmission spectrum is shown as the bold-red trace in Fig. 3(b) and represents the superposition of all contributions, weighted by the respective relative strengths of the Mollow triplet components derived from our HRPL spectra (see Fig. 1(d) ). The only free fit parameter to the experimental data is the average On the other hand, the remaining three resonances fall within a ∼ 1 GHz narrow band for the laser detuning. In accordance with theory ( Fig. 3(b) ), we can interpret the shape of this absorption dip around ∆ ≈ −4.4 GHz as a superposition, dominated by the R − ν 34 signature. As a direct consequence of the relative weight of spectral contributions by the strong R line in comparison to the weaker F line (ratio ∼ 2.5 : 1, see above discussion and As an important remark already at this stage, we like to emphasize that single (In,Ga)As QD dressed-state resonance fluorescence (RF) is shown to provide highly flexible tuning capability in conjunction with very narrow (≤ 1 GHz/∼ 4 µeV range) emission line widths similar to the transitions of atomic Cs vapor. Therefore, this combined system represents a promising platform for sophisticated hybrid functionality between semiconductor QDs and atoms in future applications. Among others one might anticipate, e.g. the filtering and/or stabilization of single photon emission [3] with respect to the frequency standard of Cs-based atomic clocks, enhanced efficiency generation of slow light and storage/retrieval operations of single photons in quantum networks (repeaters) [17, 18] , or the non-linear controlled interaction of single photons with Rydberg atomic vapor [19, 20] . In all the latter examples, the similarity between the QD emission profile and the absorption/transition spectra of the interacting thermal atomic vapor will play a crucial role, enabling to severely enhance any non-linear optical response of the atoms.
In conclusion, we have demonstrated controllable hybrid resonance tuning and coupling between a semiconductor quantum emitter and alkali-atomic gas. In our scheme, the pre- Fig. 3(a) ).
